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ABSTRACT
Circadian clocks play important roles in regulating cellular metabolism, but the reciprocal effect
that metabolism has on the clock is largely unknown in plants. Here we show that the central
glycerolipid metabolite and lipid mediator phosphatidic acid (PA) interacts with and modulates
the function of the core clock regulators LATE ELONGATED HYPOCOTYL (LHY) and
CIRCADIAN CLOCK ASSOCIATED1 (CCA1) in Arabidopsis thaliana. PA reduced the ability
of LHY and CCA1 to bind the promoter of their target gene TIMING OF CAB EXPRESSION1.
Increased PA accumulation and inhibition of PA-producing enzymes had opposite effects on
circadian clock outputs. Diurnal change in levels of several membrane phospholipid species,
including PA, observed in wild-type was lost in the LHY and CCA1 double knockout mutant.
Storage lipid accumulation was also affected in the clock mutants. These results indicate that the
interaction of PA with the clock regulator may function as a cellular conduit to integrate the
circadian clock with lipid metabolism.
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INTRODUCTION

46

The circadian clock is an endogenous molecular oscillator composed of multiple, interlocking

47

transcriptional and post-translational feedback loops that drive cellular processes with a 24-hour

48

rhythm (Nagel and Kay, 2012; Hsu and Harmer, 2014). Most clock genes in plants encode

49

transcription factors that regulate one another in a reciprocal manner and also regulate other

50

genes outside the clock, which mediate myriad biological processes. The central loop in

51

Arabidopsis thaliana consists of LATE ELONGATED HYPOCOTYL (LHY) and its closely

52

related CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and their target TIMING OF CAB

53

EXPRESSION1 (TOC1). LHY and CCA1 accumulate in the morning and suppress TOC1

54

expression by binding to its promoter while TOC1 represses LHY/CCA1 expression in the

55

evening (Alabadí et al., 2001; Gendron et al., 2012; Huang et al., 2012). The circadian clock

56

plays important roles in regulating energy homeostasis and cellular metabolism (Turek et al.,

57

2005; Zvonic et al., 2007). Animals with mutations in clock genes display impaired glucose and

58

lipid metabolism (Turek et al., 2005), and in plants, metabolism of carbohydrates, such as starch,

59

and lipids is under diel and/or circadian control (Ekman et al., 2007; Graf et al., 2010; Maatta et

60

al., 2012).

61
62

In addition to being regulated by the clock, it has become increasingly evident that metabolic

63

processes also serve as a clock input signal, influencing the function and timing of the oscillator.

64

(Tu and McKnight, 2006; Asher and Schibler, 2011; Mora-García et al., 2017; Pritchett and

65

Reddy, 2017). For example, feeding timing regulates the human circadian system and can restart

66

rhythmic expression of some clock genes in a defective clock background (Vollmers et al., 2009;

67

Wehrens et al., 2017). Some of the key metabolic cofactors, such as NAD+, FAD, and cAMP

68

affect clock functions in animals (Tu and McKnight, 2006; Ramsey et al., 2009; Rutter et al.,

69

2001; Pritchett and Reddy, 2017). Recent studies in photosynthetic organisms indicate that the

70

function of the clock and photosynthesis are highly interconnected (Pattanayak et al., 2015;

71

Atamian et al., 2016; Muller et al., 2016). The interconnection between the circadian clock and

72

metabolism is thought to strengthen the function of both processes and enables an organism to

73

adapt efficiently to changes in the environment. Recently, it was reported that some lipid

74

metabolic genes were under circadian control in Arabidopsis and differentially expressed in

75

CCA1/LHY double mutants and CCA1-overexpressing lines (Hsiao et al., 2014; Nakamura et al.,
2

76

2014). Differences were observed in the levels of triacylglycerols (TAGs) and acyl-CoA between

77

wild-type and the clock gene-altered plants (Hsiao et al., 2014). However, the interconnection

78

between lipid metabolism and the circadian clock is not fully understood, and the cellular

79

mediators that act as conduits to integrate the circadian clock with metabolism remain unknown

80

in plants.

81
82

Lipids provide not only membrane structure and energy for cellular metabolism, but also a rich

83

source of mediators in organismal growth, development, and response to changing environments.

84

Phosphatidic acid (PA) is a central intermediate in glycerolipid metabolism, providing

85

diacylglycerol (DAG) for the synthesis of membrane glycerolipids and the storage lipid TAG. In

86

addition, PA is a class of lipid mediators affecting a wide range of cellular processes, including

87

signal transduction, cytoskeletal dynamics, and vesicle trafficking in plants, microbes, and

88

animals (Wang et al., 2006; Testerink and Munnik, 2011; Bullen and Soldati-Favre, 2016; Brown

89

et al., 2017). The physical properties of PA, such as its dual deprotonation and capacity to form

90

hydrogen bonds, promote its direct interaction with proteins (Kooijman et al., 2007). The

91

propensity of PA to form a hexagonal II (HII)-type phase affects membrane curvature and protein

92

association with membranes (Roth, 2008). PA interacts with different proteins, such as kinases,

93

phosphatases, G-protein regulators, and metabolic enzymes (Fang et al., 2001; Loewen et al.,

94

2004; Zhang et al., 2004; Guo et al., 2011; Kim et al., 2013; McLoughlin et al., 2013; Roy

95

Choudhury and Pandey, 2016). PA binding can affect target protein function, such as altering

96

catalytic activity and/or membrane association (Jang et al., 2012; Hong et al., 2016).

97
98

Recent studies indicate that PA also interacts with proteins in nuclei, mediating important

99

processes, such as protein nuclear translocation, transcriptional regulation, DNA replication and

100

cell proliferation. PA and its metabolizing enzymes are present in the nucleus (Smith and Wells,

101

1983; Siniossoglou, 2013). For example, DAG kinases (DGK) that phosphorylate DAG to PA are

102

found in the nucleus in plants and animals, and this activity is essential to cell proliferation

103

(Arisz et al., 2009; Baldanzi et al., 2016; Poli et al., 2017). PA phosphohydrolase (PAH) that

104

dephosphorylates PA to DAG translocates between the endoplasmic reticulum and nucleus (Ren

105

et al., 2010). In animal cells, PA alters nuclear receptor binding to DNA in cancer cells

106

(Mahankali et al., 2015; Henkels et al., 2016). PA was found to interact with a MYB transcription
3

107

factor and modulates its nuclear translocation and root hair cell differentiation in Arabidopsis

108

(Yao et al., 2013). To determine the nuclear function of PA, we screened an Arabidopsis

109

transcription factor cDNA library to identify transcription factors that potentially interact with

110

PA. Here we report the analysis and function of interaction of PA with the core clock

111

transcription factors LHY and CCA1.

112
113
114

RESULTS

115

Identification of PA-interacting clock regulators LHY and CCA1 in vitro

116

To investigate the mechanism of PA action, we screened an Arabidopsis cDNA library to identify

117

transcription factors that potentially interact with PA by pulling down the proteins with PA-

118

containing liposomes. We modified an Arabidopsis transcription factor cDNA library composed

119

of approximately 1,500 transcription factors (Mitsuda et al., 2010) to produce recombinant

120

proteins in Escherichia coli. PCR amplification of cDNA inserts from the library using primers

121

upstream and downstream of the insert confirmed the large variety of E. coli clones with an

122

average insert size of approximately 1 to 1.5 kbps (Figure 1A). Recombinant proteins expressed

123

as fusion with an N-terminal 6xHis tag were then purified from the colony pool, and a large

124

number of different proteins expressed in the colonies were verified by immunoblotting using an

125

anti-6xHis antibody (Figure 1B). The purified proteins were incubated and pulled down with

126

liposomes containing phosphatidylcholine (PC) only or PC plus PA (PC:PA=3:1 molar ratio; both

127

total molecular species from egg yolk, hereafter designated as lipid abbreviation otherwise

128

designated with specific fatty acid composition). PC liposomes were used as a vehicle since PA

129

alone does not form uniform liposomes due to its small head group that forms a cone-shaped

130

structure (Barr and Shorter, 2000). Liposomes with PC plus phosphatidylglycerol (PG) were

131

included as a negative control to test for the possibility of non-specific electrostatic interactions

132

between proteins and acidic phospholipids. Proteins co-precipitated with the liposomes were

133

identified by protein sequencing with mass spectrometry. The core clock transcription factor

134

LHY was one of the proteins co-precipitated specifically with PA (Supplemental Table 1) and

135

identified by sequencing (Figure 1C and Supplemental Dataset 1).

136
137

To validate and test the specificity of the PA interaction, we produced LHY from E. coli and
4

138

assayed lipid binding with complementary approaches (Figure 2). Filter-blotting assays showed

139

that LHY bound to PA, but not to other membrane phospholipids (Figure 2A, left). Among

140

different PA species tested, LHY displayed binding to 16:0-containing PA (16:0-16:0 PA and

141

16:0-18:1 PA) but not to 8:0-8:0 PA, 18:1-18:1 PA, or 18:1-lyso PA (Figure 2A, right).

142

Liposomal binding assays also showed that LHY was co-precipitated with liposomes with 16:0-

143

containing PA, but not with liposomes containing 8:0-8:0 PA, 18:0-18:0 PA, 18:1-18:1 PA, 18:1-

144

lyso PA, or PS (Figure 2B). Surface plasmon resonance (SPR) analysis showed that purified

145

LHY bound to 16:0-16:0 PA-containing liposomes much more strongly than to 16:0-16:0 PC-

146

only liposomes (Figure 2C; Supplemental Dataset 2). Because LHY and CCA1 are closely

147

related and functionally redundant (Mizoguchi et al., 2002), we tested whether CCA1 could also

148

interact with PA. Using SPR with liposomes containing 16:0-16:0 PC only or PC plus 16:0-16:0

149

PA, CCA1 was found to bind to PA-containing liposomes similar to LHY (Supplemental Dataset

150

2). PA-binding kinetic properties were similar between LHY and CCA1 and dissociation

151

constants for LHY and CCA1 binding to 16:0-16:0 PA-containing liposomes were 0.181 and

152

0.116 µM, respectively (Table 1). Filter-blotting assay demonstrated that CCA1 had specificity

153

similar to that of LHY for both phospholipid classes and PA species (Figure 2D).

154
155

Isolation of PA-LHY/CCA1 complexes from plants

156

To test whether a PA-LHY complex could be isolated from plants, we used an anti-LHY antibody

157

to immunoprecipitate LHY from Arabidopsis seedlings and analyzed lipids co-precipitated with

158

LHY by mass spectrometry (Figure 3). Successful isolation of LHY was confirmed by

159

immunoblotting that detected the LHY band in the precipitates from wild-type (WT) plants with

160

the antibody (+), but not in the immunoprecipitates from LHY knockout mutants (lhy) or without

161

the LHY antibody (WT-, lhy+, or lhy-) (Figure 3A). A significant amount of PA was detected in

162

the sample immunoprecipitated from WT+, when compared to negative controls (WT-, lhy+, or

163

lhy-) (Figure 3B). PA profiling by mass spectrometry revealed that 16C-containing PA species,

164

such as 32:0 PA (16:0-16:0 PA) and 34:2 PA, were precipitated with LHY (Figure 3C). The 16C-

165

containing PA species precipitated are consistent with the in vitro binding data. Other common

166

glycerolipid species, such as monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol

167

(DGDG), PC, phosphatidylethanolamine (PE), PG, phosphatidylinositol (PI), and PS were not

168

significantly detected in an LHY-dependent manner (Supplemental Figure 1).
5
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170

In addition, we carried out another binding assay, in which fluorescence (nitrobenzoxadiazole;

171

NBD)-labeled, 16:0-containing PA was infiltrated into Arabidopsis seedlings expressing LHY-

172

FLAG, CCA1-FLAG, or LUX ARRHYTHMO (LUX)-FLAG, followed by immunoprecipitation

173

using an anti-FLAG antibody and detection of lipids co-precipitated with the respective proteins

174

(Figure 4). Immunoblotting with the anti-FLAG antibody detected LHY, CCA1, and LUX in the

175

immunoprecipitates used for lipid detection, verifying the isolation of the FLAG-tagged proteins

176

from the different plants (Figure 4A). LUX-FLAG was used as non-PA binding negative control

177

in the immunoprecipitation as LUX is a transcription factor in clock regulation but it did not bind

178

PA (Figure 4B). The immunoprecipitated LHY, CCA1, and LUX were extracted with

179

chloroform/methanol for lipids, and the lipid extracts were then separated by thin layer

180

chromatography (TLC) and visualized under UV light. NBD-PA spots appeared from LHY and

181

CCA1, but not from WT or the non-PA binding control LUX (Figure 4C, IP; Figure 4D),

182

indicating the specific interaction of PA-LHY/CCA1. TLC analysis of total lipids extracted from

183

infiltrated plants confirmed that comparable amounts of NBD-PA were infiltrated into the

184

different plants used for co-pull down (Figure 4C, Total). Taken together, our data from different

185

approaches indicate that the PA-LHY/CCA1 interaction is strong and specific.

186
187

PA inhibition of LHY binding to target DNA in vitro

188

LHY is a transcription factor that constitutes the core clock loop by binding to the TOC1

189

promoter and repressing its transcription. To probe the effect of PA binding on LHY function, we

190

determined if PA alters LHY binding to its DNA targets (Figure 5). We used an electrophoretic

191

mobility shift assay (EMSA) to examine in vitro effect of PA on LHY binding to the TOC1

192

promoter. A previous study reported a region in the TOC1 promoter that was essential for

193

circadian oscillatory expression of TOC1 and was a binding target of LHY (Alabadí et al., 2001).

194

To test for LHY binding, we used a DNA fragment that contained the intact sequence of the

195

region (TOC1pro-W) and the same fragment with the LHY-binding site mutated (TOC1pro-M).

196

The LHY-DNA interaction was confirmed by the observation that LHY caused a dose-dependent

197

upward gel shift of the TOC1pro-W (Figure 5A, LHY) but LHY did not result in such a gel shift of

198

the TOC1pro-M control (Figure 5A, TOC1pro-M). In addition, we used a PA-binding protein,

199

glyceraldehyde-3-phosphate dehydrogenase1 (GAPC1; Kim et al., 2013), as another control and
6

200

inclusion of GAPC1 had no effect on the TOC1pro-W DNA banding pattern (Figure 5A, GAPC1).

201
202

Next, PA was added to the EMSA to test whether PA could alter LHY binding to TOC1pro-W

203

fragment. The LHY-DNA interaction was impeded in the presence of PA as determined by PA

204

dose-dependent loss of the gel shift (Figure 5B, PA), but not in the presence of other

205

phospholipids PC or PG (Figure 5B, PC and PG). PA has a mono-esterified phosphate group and

206

is slightly acidic. However, introducing another acidic phospholipid PG, or the acid sodium

207

phosphate (NaH2PO4) or hydrochloric acid (HCl) did not cause the loss of gel shift (Figure 5B,).

208

Furthermore, consistent with the PA species specificity of LHY binding shown in Figure 2A and

209

B, the LHY-binding 16:0-18:1 PA markedly reduced the LHY-DNA interaction while the non-

210

LHY-binding 18:1-18:1 PA did not (Figure 5B, right), indicating that a direct PA-LHY

211

interaction is required for the PA inhibition of LHY-DNA interaction.

212
213

In addition, we tested whether PA affects LHY binding to other known LHY target genes, such as

214

EARLY FLOWERING4 (ELF4) and PSEUDO-RESPONSE REGULATOR9 (PRR9). Without PA,

215

LHY caused gel shift of ELF4pro and PRR9pro, but the presence of PA led to no gel shift (Figure

216

6A), indicating that PA inhibits LHY-DNA interaction. As TOC1pro-W was also a target of CCA1

217

(Alabadí et al., 2001), we tested the CCA1-TOC1pro interaction sensitivity to PA. Like LHY, PA

218

also interfered with the CCA1-TOC1pro-W interaction in a dose-dependent manner (Figure 6B).

219

By contrast, PA did not interfere with binding of LUX, which did not bind to PA, to its target

220

sequence LUXtarget (LUX-binding site of PRR9pro; Helfer et al., 2011) (Figure 6C). Taken

221

together, these data indicate that PA inhibits the binding of both LHY and CCA1, but not other

222

clock transcription factors, to their target promoters.

223
224

Effects of genetically altered PA levels on LHY binding to target DNA in plants

225

To test if changing PA levels in planta could affect LHY interactions with its target genes, we

226

performed chromatin immunoprecipitation (ChIP), followed by quantitative PCR (qPCR) using

227

Arabidopsis mutants with altered levels of PA. Multiple reactions contribute to PA metabolism in

228

the cell (Figure 7A). PAH dephosphorylates PA into DAG, and the double knockout mutant of

229

PAH1 and PAH2 (pah1 pah2) has substantially increased PA levels (Eastmond et al., 2010). By

230

contrast, PHOSPHOLIPASE D (PLD) hydrolyzes other phospholipids to produce PA, and the
7

231

double knockout mutant of two major PLDs (pld1 pld was reported to substantially decrease

232

cellular PA levels in Arabidopsis (Guo et al., 2012). We verified these mutants using PCR by

233

detecting T-DNA insertion (Supplemental Figure 2A) and/or the loss of transcripts of mutated

234

PLD, PAH, LHY, or CCA1 genes (Supplemental Figure 2B). To validate these mutant effects on

235

PA levels, we analyzed the PA content in seedlings of WT, pah1 pah2, and pld1 pld Total PA

236

levels were elevated in pah1 pah2 by nearly two-fold and reduced in pld1 pld to

237

approximately 40% (Figure 7B, total). However, there was no significant increase in the LHY-

238

binding PA species (32:0 PA and 34:1 PA) in pld1 pld whereas pah1 pah2 showed an increase

239

in the 16C-containing 34:1 PA level (Figure 7B).

240
241

Thus, we used pah1 pah2 and pld1 pld for the ChIP and compared them with WT. We verified

242

by immunoblotting with nuclear proteins that the level of LHY protein at the time point used for

243

the ChIP was comparable among WT, pld1 pld, and pah1 pah2 plants, except that cca1-1 lhy-

244

20 had no LHY (Figure 7C). PCR analysis confirmed the successful isolation of the TOC1

245

promoter region binding to LHY by the ChIP in all plants except for cca1-1 lhy-20 (Figure 7D).

246

qPCR analysis showed a decrease in TOC1pro co-precipitated with LHY in pah1 pah2, compared

247

to WT (Figure 7E), indicating a reduction of LHY–TOC1pro interaction in pah1 pah2 plants with

248

an increased level of PA. However, the level of TOC1pro co-precipitated with LHY was

249

comparable between WT and pld1 pldFigure 7E) The lack of effect of pld1 pld, which

250

had a lower total PA level than WT, on TOC1pro co-precipitated with LHY could be explained by

251

the lack of significant change in the LHY-binding PA species (32:0 PA and 34:1 PA) in pld1

252

pld (Figure 7B).

253
254

Perturbations of altered PA levels on clock outputs

255

The PA inhibition of the LHY-TOC1pro interaction in pah1 pah2 prompted us to determine PA

256

effects on clock function in planta. We tested pah1 pah2 and a PAH1-complemented pah1 pah2

257

mutant with PA levels close to WT (Craddock et al., 2015) for alterations in the oscillation of

258

TOC1 expression and vertical leaf movement under circadian conditions (Figure 8 and Table 2).

259

RT-qPCR analysis carried out with 7-day-old seedlings for 72 hours with 3-hour intervals

260

demonstrated that the rhythmicity of TOC1 expression was significantly altered in pah1 pah2; its
8

261

period was 1.3 hours longer than that of WT (Figure 8A and Table 2), but not in PAH1-

262

complemented pah1 pah2, indicating that PA regulates the clock function. Vertical leaf

263

movement of 5-day-old WT and PAH1-complemented pah1 pah2 seedlings monitored every

264

hour for 5 days persisted with a period of ~24 hours, but in contrast, pah1 pah2 exhibited a

265

severe reduction in amplitude and a longer period of leaf movement by 1 hour (Figure 8B and

266

Table 2). In cca1-1 lhy-20 seedlings used as a control, TOC1 expression was arrhythmic and the

267

period of leaf movement was much shorter than that of WT, as expected (Figure 8C and D). T-

268

DNA insertion in pah1 pah2 and the introduction of PAH1 into PAH1-complemented pah1 pah2

269

mutant were confirmed by PCR (Supplemental Figure 2A).

270
271

To further test the PA effect on circadian phenotypes, we used small molecules to suppress PA

272

formation in plants. We exposed WT plants to 1-butanol, which decreases PLD-mediated PA

273

production by diverting the phosphatidyl moiety to form phosphatidylbutanol, and a DGK

274

inhibitor R59022, which suppresses the PA formation from DAG (Gardiner et al., 2003; Peters et

275

al., 2010). For TOC1 expression analysis, transgenic Arabidopsis with luciferase gene driven by

276

TOC1 promoter (TOC1:LUC) was used to monitor its luciferase reporter activity following the

277

drug applications (Alabadí et al., 2001). The period of TOC1 expression was shortened by both

278

1-butanol and DGK inhibitor by approximately 1 hour (Figure 9A and Table 2), but their

279

respective controls, 2-butanol and DGK inhibitor solvent dimethylsulfoxide (DMSO) had no

280

significant effect (Figure 9C and Table 2). In addition, 1-butanol and DGK inhibitor, but not their

281

respective controls, shortened the period of vertical leaf movement by ~1.3 hours (Figure 9B and

282

D; Table 2). To validate whether the PA levels were indeed changed by the chemical treatments,

283

we quantified total PA and the 16C-containing (32:0 PA and 34:1 PA), LHY/CCA-binding PA

284

species by mass spectrometry. The levels of at least one of the two LHY/CCA-binding PA

285

species were reduced by the drugs when compared with their controls (Figure 9E). The treatment

286

of 1-butanol, but not 2-butanol, decreased the level of total PA, 32:0 PA, and 34:1 PA whereas

287

the DGK inhibitor decreased 34:1 PA but had no effect on the total or 32:0 PA (Figure 9E). The

288

opposite effects of PAH mutation and the drug applications on the clock outputs suggest that

289

altered PA levels regulate the circadian clock.

290
291

Effects of altered expression of clock regulators on membrane and storage lipids
9

292

Levels of some plant fatty acids and glycerolipids have been reported to change diurnally

293

(Ekman et al., 2007; Maatta et al., 2012; Sasaki et al., 1997), but whether lipid metabolism is

294

under circadian control remains largely unexplored in plants. We used the clock mutant cca1-1

295

lhy-20 to test the effect of the clock regulators on the daily lipid changes in Arabidopsis (Figure

296

10; Supplemental Dataset 3). Seedlings were grown under 16-h light/8-h dark cycles and

297

monitored for changes in their membrane glycerolipid levels for up to 24 hours to assay how

298

lipid levels change during the full cycle of LHY/CCA1 expression in WT and how they are

299

affected in cca1-1 lhy-20. Out of more than a hundred lipid species detected by mass

300

spectrometry, several lipid species, PG (36:4), PS (38:5), and PA (34:4 and 36:6), showed daily

301

cycling with a period of ~24-hour in WT, but no apparent cycling in cca1-1 lhy-20 (Figure 10A-

302

D; Supplemental Dataset 3). The levels of 36:4 PG and 38:5 PS appeared to cycle in WT with a

303

phase slightly delayed from that of the PA species (Figure 10A and B vs. C and D). Total PA

304

levels were not significantly different between WT and cca1-1 lhy-20 at all time points measured,

305

except for the first few hours (Figure 10E). The loss of cyclic changes in lipid levels in the clock

306

mutant suggests that the lipid level changes observed in WT are influenced by the circadian

307

clock, rather than just diurnal (light-dark) response.

308
309

In addition, we examined whether LHY and CCA1 mutations affected storage lipid accumulation

310

in Arabidopsis seeds. The rationale was that PA is a central intermediate for the biosynthesis of

311

glycerolipids, including TAG, and that the misregulation of PA due to the defect of the circadian

312

clock might affect the production of TAG, the desired product of many oilseed crops. Also, a

313

previous report indicated that overexpression of CCA1 increases TAG accumulation in

314

Arabidopsis seeds (Hsiao et al., 2014). Compared with seeds of WT plants that were grown side

315

by side with mutant plants, the content of major seed oil TAG was decreased in cca1-1 lhy-20 by

316

approximately 18% whereas no significant difference in seed oil content was observed in lhy,

317

possibly due to the overlapping function of CCA1 (Figure 10F). The seed oil content of three

318

LHY-OE lines displayed an increase by 12-17% over that of WT seeds (Figure 10F). These data

319

indicate that perturbations of the circadian clock affect the production of both membrane and

320

storage lipids.

321
322

To probe how LHY might affect lipid metabolism, we analyzed the expression of lipid metabolic
10

323

genes using a database (diurnal.mocklerlab.org; Mockler et al., 2007) for time-course gene

324

expression in lhy1-1 (LHY-overexpression line). Some members of the gene families involved in

325

the PA metabolism as shown in Figure 7A were differentially expressed in LHY-OE compared to

326

WT in a short-day time course (8-h day/16-h night; Supplemental Figure 3). In LHY-OE plants,

327

DGK1 and PLD showed oscillatory expression with greater amplitude and LPP2 was expressed

328

with reduced amplitude. LPAT2, PAH1, and PI-PLC2 were expressed in antiphase with those in

329

WT (Supplemental Figure 3). Importantly, some of these, including PLD, PAH1 and DGK1,

330

contain cis EE (evening element) motifs in their promoter sequences, which is bound by both

331

LHY and CCA1. CCA1 was reported to bind to the EE of PAH1 (Nagel et al., 2015). The gene

332

expression change in response to altered LHY levels indicates that LHY/CCA1 regulate genes

333

involved in PA metabolism as a clock output process.

334
335
336

DISCUSSION

337

This study shows that the lipid mediator PA directly interacts with key clock regulators LHY and

338

CCA1, inhibits their interaction with target DNA, and alters circadian outputs. The PA–protein

339

interaction was initially identified using in vitro approaches but further confirmed using LHY

340

and PA in plant cells. In addition, our genetic and pharmacological data show that altered PA

341

metabolism affected clock function, as indicated by altered circadian oscillation of TOC1

342

expression and leaf movement. Elevation of PA by pah1 pah2 mutation lengthened the period

343

whereas suppression of PA production shortened the period. Furthermore, the data indicate that

344

the circadian clock regulates lipid metabolism and affects seed oil production. These results

345

suggest a reciprocal regulatory mechanism between the circadian clock and the lipid mediator PA.

346

The interaction between the central glycerolipid metabolite PA and the core clock regulators may

347

represent a molecular conduit to integrate the circadian clock with lipid metabolism (Figure 11).

348
349

The preference of LHY/CCA1 binding for particular PA species suggests that acyl chain

350

composition of PA is an important determinant for PA interaction with specific target proteins.

351

This binding specificity is in contrast with some other PA-binding proteins. ABSCISIC ACID

352

INSENSITIVE 1 (ABI1) binds to 18:1-18:1 PA but has no detectable binding with 16:0-16:0 PA
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353

(Zhang et al., 2004), whereas sphingosine kinases bind to 16:0-18:1 PA and 18:1-18:1 PA equally

354

well, but not 18:0-18:0 PA or 18:2-18:2 PA (Guo et al., 2011) and GAPCs have no specific

355

preference for PA species tested (Kim et al., 2013). The PA species preference could underlie a

356

basis for cellular control of lipid–protein interactions and ultimately feedback regulation of lipid

357

metabolism by the clock. In addition, the PA levels used in the study and binding kinetics

358

determined are within the cellular range of PA levels. For example, cellular PA in Arabidopsis

359

leaves was estimated to be around 50-100 µM (Zhang et al., 2004; Wang et al., 2006). The

360

dissociation constant for LHY and CCA1 binding to 16C-containing PA liposomes as determined

361

by SPR in this study was around 0.1-0.2 µM. Taking into account the finding that not all PA

362

species bind to LHY/CCA1, the level of 16C-containing PA that binds LHY/CCA1 would still be

363

in the physiological range. In addition, the cellular PA level is highly dynamic and transiently

364

increased under various stress condition (Vu et al., 2012). Moreover, PA that interacts with

365

LHY/CCA1 is expected to be associated with nuclei and further study is needed to determine the

366

level and molecular species of PA associated with nuclei.

367
368

The cellular level of PA is affected by the activity of multiple enzymes and what PA species are

369

changed by what PA-metabolizing enzymes is largely unknown. Our data showed that pah1 pah2

370

had an increase in 34:1 PA and altered the circadian outputs, suggesting that PAH1 and PAH2

371

affect the PA that interacts with the clock regulators. This is partially supported by a previous

372

report that 16:0 and 18:1 fatty acid contents are increased in both root and leaf of pah1 pah2

373

(Eastmond et al., 2010). Results from butanol treatments suggest that PLDs might play a role in

374

the clock regulation but the two active PLDs, PLD1 and PLD, are not involved because the

375

double mutant pld1 pld did not show alterations in LHY-TOC1pro interaction or clock outputs.

376

In addition, DGK inhibition altered TOC1 expression and leaf movement. Furthermore, de novo

377

synthesis of PA could not be ruled out to affect the clock regulation, as our database analysis

378

showed that the expression of LPAT2 and LPP2 was misregulated when LHY was overexpressed.

379

These data suggest that LHY/CCA1-binding PA species could result from multiple enzymatic

380

reactions. However, some of the altered PA-metabolizing genes/enzyme are involved in

381

producing PA for the interaction whereas others may be part of the target lipid-metabolizing

382

genes regulated by the clock. Future studies will be needed to delineate the function of the
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383

multiple enzymes involved in PA metabolism, including analyzing various mutants with altered

384

PA levels and their molecular species.

385
386

The PA species that bind LHY/CCA1 also weaken the LHY/CCA1 interaction with target DNA,

387

suggesting that PA binding is involved in the PA perturbation of LHY/CCA1-DNA binding. The

388

data that non-LHY/CCA1-binding PAs have no effect on LHY/CCA1-DNA binding suggest that

389

the PA impediment is not simply due to the negative charge of PA that may interfere with the

390

protein–DNA binding. To test the relevance of PA effect in plants, we used mutant plants with

391

altered PA levels to perform ChIP-PCR, and the data were consistent with the finding that higher

392

levels of PA impede LHY/CCA1-DNA interaction. It is intriguing to note that the elevation of PA

393

by pah1 pah2 mutation lengthened the period, whereas the period in CCA1/LHY-null mutant

394

was shortened compared with that of WT. The effect of pah1 pah2 on period length is consistent

395

with an early report that an Arabidopsis transgenic line expressing additional copies of TOC1

396

locus lengthened the free-running period of CAB2 expression under constant light condition

397

(Más et al., 2003).

398
399

Because TOC1 is the direct target that LHY and CCA1 suppress, one would expect that increased

400

TOC1 expression would decrease LHY/CCA1 repression, so that TOC1-overexpression would

401

mimic the effect of lhy cca1 (i.e. shortening the period length). One explanation for this apparent

402

inconsistency is that the effect of an effector (such as PA and TOC1) exerted in the presence of

403

CCA1/LHY versus that in the absence of CCA1/LHY may not be directly comparable. For

404

example, in the absence of CCA1/LHY, other transcription factors may interact with the gene

405

targets that CCA1/LHY would normally bind, resulting in inappropriate crosstalk. Thus, the

406

activity of LHY/CCA1 suppressed by increased PA and the absence of LHY/CCA1 in the null

407

mutant background might not have the same effect on the clock period.

408
409

It is also notable that pah1 pah2 lacks overall increase in TOC1 expression despite LHY/CCA1

410

binding to TOC1 promoter being perturbed by the increase in PA level. This discrepancy has also

411

been exemplified by the lack of substantial amplitude difference from WT in (1) LHY/CCA1

412

expression in a TOC1 mutant line with a semi-dominant allele (Alabadi et al., 2001), (2) TOC1

413

expression in LHY or CCA1 single mutant (Mizoguchi et al., 2002), and (3) CAB2 expression in
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414

a transgenic line expressing additional copies of TOC1 locus (Más et al., 2003), all of which

415

display changes in circadian period. One explanation would be that ELF4 expression increased

416

by PA could attenuate increase in TOC1 expression in pah1 pah2 since ELF4, a known repressor

417

of TOC1, is repressed by LHY/CCA1. As such, the robust architecture, tight reciprocal

418

regulation, and interlocking feedback loops within the circadian clock impose a level of

419

complexity that can prevent simple prediction of how the clock will respond to perturbation.

420
421

Meanwhile, the results indicate that the circadian clock regulates lipid metabolism. An animal

422

study using mouse showed that clock dysfunction resulted in hyperlipidemia and obesity (Turek

423

et al., 2005), suggesting that circadian regulation is critical for the accumulation of cholesterol

424

and neutral lipids. Another study showed that RHYTHM OF CHLOROPLAST 40 (ROC40), a

425

clock transcription factor with N-terminal MYB repeat found in LHY and CCA1, is required for

426

nitrogen starvation-induced TAG accumulation in green algae (Goncalves et al., 2016). Our

427

results show that genetic ablation or overexpression of the clock regulator LHY and CCA1 alters

428

seed oil contents, and that diel changes for several phospholipid species are compromised in

429

cca1-1 lhy-20 in Arabidopsis. PA is a central intermediate for TAG biosynthesis and its

430

misregulation due to the defect of the circadian clock could affect the accumulation of its final

431

product. The levels of total and some species of PA tend to be reduced in cca1-1 lhy-20 when

432

LHY and CCA1 are highly expressed (e.g. at 0 and 24 hours), suggesting that the PA pool in

433

tissues of cca1-1 lhy-20 may not provide sufficient PA for the normal production of TAG. Also,

434

it is conceivable that the circadian clock regulates lipid content and composition through

435

regulating genes involved in lipid metabolism. The present results, together with others, indicate

436

that a number of genes involved in glycerolipid metabolism display circadian profiles and the

437

clock regulators LHY and CCA1 regulate their expression (Hsiao et al., 2014; Nakamura et al.,

438

2014). The clock effect of lipid metabolism may provide insight into understanding of lipid-

439

related plant performance and underlie a molecular basis for fluctuations in lipid content and

440

composition affected by seasons and latitudes.

441
442

In addition, the interaction between the stress-responsive lipid second messenger PA and the

443

clock regulators may suggest that PA functions to integrate clock function with plant stress

444

responses because many biotic and abiotic stress-responsive genes are controlled by the clock
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445

and have an EE in their promoters. For example, expression of C-REPEAT BINDING FACTORS

446

(CBFs), the major players in cold acclimation, is clock-regulated, peaking at midday, and their

447

promoters are bound by some clock proteins, including CCA1 (Dong et al., 2011). CCA1

448

activates CBFs and promotes freezing tolerance whereas PRRs repress CBFs and inhibit freezing

449

tolerance in Arabidopsis (Nakamichi et al., 2009; Dong et al., 2011). PA is a potent cellular

450

mediator produced under various stress conditions, including cold (Hong et al., 2016). Therefore,

451

PA may serve as a metabolic conduit that connects the circadian clock and plant responses to

452

environmental changes.

453
454

In summary, this study suggests a mechanistic interconnection between the circadian clock and

455

lipid metabolism. We propose that the circadian clock regulates lipid metabolism through

456

controlling the temporal expression of lipid metabolic genes whereas the glycerolipid

457

intermediate PA modulates the clock function (Figure 11). The PA-LHY/CCA1 interaction acts

458

as a retrograde mediator of the clock in response to metabolic and/or environmental cues. Such

459

regulation may allow plant cells to sense intracellular levels of lipid metabolites and monitor the

460

activity of lipid metabolism to coordinate flux through lipid pathways with other physiological

461

demands in response to daily changes in the environment. In addition, data on the effect of

462

circadian clock on lipid content and composition potentially have significant application to seed

463

oil production as affected by growth conditions, such as planting seasons, day length, and

464

latitudes.

465
466
467

METHODS

468

Cloning, protein expression, and purification of transcription factor (TF) cDNA library

469

The cDNA library was obtained from Dr. Mitsuda (Mitsuda et al., 2010) (National Institute of

470

Advanced Industrial Science and Technology, Tsukuba, Japan). The DNAs were cloned into

471

pDONR221TM then pET-53-DESTTM (Novagen) using Gateway® Recombination Kit according

472

to manufacturer’s instructions (Life Technologies), and were transformed into Max Efficiency®

473

DH5 Competent Cells (Life Technologies). The resulting expression clones were then

474

transformed into E. coli RosettaTM (DE3) for protein expression. Colonies were pooled and
15

475

incubated in Luria-Bertani (LB) media at 37°C to mid-log phase, and protein expression was

476

induced at 15 °C for 6 h. Harvested cells were broken up by sonication in lysis buffer (50 mM

477

NaH2PO4 pH8.0, 300 mM NaCl, 10 mM imidazole). Following centrifugation at 10,000 xg for

478

20 min, pellet containing insoluble proteins was solubilized in lysis buffer containing 8 M urea

479

and centrifuged at 10,000 xg for 20 min. The originally soluble and the urea-solubilized proteins

480

were purified using Ni-nitrilotriacetic acid (NTA) Agarose (QIAGEN) with native and

481

denaturing buffers, respectively, according to manufacturer’s instructions. The urea-solubilized

482

proteins were spontaneously refolded during the purification by omitting urea in washing/eluting

483

buffers (Holzinger et al., 1996). The two eluates were combined and dialyzed overnight at 4°C in

484

TBS buffer (50 mM Tris pH7.6, 150 mM NaCl).

485
486

Screening for PA-binding TFs

487

Fifty g of the purified TF proteins were incubated for 1 h with liposomes prepared as previously

488

described (Kim et al., 2013). Protein-liposome complex was harvested by centrifugation at

489

16,000 xg for 30 min and washed three times to remove unbound proteins using binding buffer

490

(25 mM Tris-HCl pH7.5, 125 mM KCl, 1 mM DTT, 0.5 mM EDTA). The liposome-bound

491

proteins were resolved by SDS-PAGE and visualized by Coomassie blue. Each whole lane

492

containing protein bands was carefully excised from the gel, and the proteins were in-gel

493

digested with trypsin (Sigma-Aldrich) at 37 °C overnight, according to the manufacturer’s

494

instructions. The digested peptides were run on the LC-tandem MS using an LTQ-Orbitrap Velos

495

mass spectrometer (Thermo Scientific) coupled with a U3000 RSLCnano HPLC (Thermo

496

Scientific). The samples were dried down to concentrate and resuspended in 10 L of 5%

497

acetonitrile/0.1% formic acid mixture. 5 L was injected for LC-MS/MS on 2-hour gradient

498

separation and data acquisition. The database search was performed with peptide mass

499

fingerprint data using MASCOT (v2.4) database search engine (Matrix Science) against the

500

NCBI database for Arabidopsis thaliana. The criteria for a significant protein identification were

501

both at least two unique peptides per protein identified and each peptide showing a probability

502

>95% (MASCOT ion score >40). Proteins found from PA+PC liposome but not from control

503

liposomes (PC only or PG+PC) were considered as PA-binding candidates.

504
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505

Surface plasmon resonance (SPR) analysis

506

SPR analysis was performed using Biacore 2000 system according to the manufacturer’s

507

instructions with some modifications. Liposomes were suspended in running buffer (10 mM

508

HEPES pH7.4, 150 mM NaCl, 50 M EDTA) at a final concentration of 100 M. Purified

509

proteins (LHY and CCA1) were dialyzed overnight at 4°C and diluted in running buffer at a final

510

concentration of 100 nM. A sensor chip pre-immobilized with NTA was used to capture the

511

6xHis-tagged proteins. For each experiment, running buffer containing 500 M NiCl2 was

512

injected to saturate the chip with nickel. The 6xHis-tagged proteins were immobilized on the

513

chip via Ni2+/NTA chelation. Response unit (RU) was monitored as liposomes were injected over

514

the surface of the chip. After each run, the NTA chip was regenerated by stripping nickel from

515

the surface with regeneration buffer (10 mM HEPES pH8.3, 150 mM NaCl, 0.35 M EDTA). The

516

sensorgrams were plotted by Microsoft Office Excel (2007), and kinetic constants were

517

calculated by Prism v5 (GraphPad Software).

518
519

Filter-lipid blotting assay and immunoblotting

520

Ten g of lipids dissolved in chloroform were spotted on a piece of nitrocellulose membrane

521

(0.45 m pore; Whatman) and air-dried for 30 min. The same volume of chloroform was spotted

522

on the same membrane as a solvent control. The membrane was incubated with TBST buffer (10

523

mM Tris-HCl pH7.4, 140 mM NaCl, 0.1% (v/v) Tween-20) containing 0.5% (w/v) fatty acid-free

524

bovine serum albumin for 1 h to block the membrane. The membrane was then washed three

525

times with TBST buffer, and incubated with 20 g of purified protein for 2 h. After washing

526

three times with TBST buffer to remove unbound proteins, proteins on the membrane were

527

probed with an anti-6xHis antibody conjugated with alkaline phosphatase (Sigma-Aldrich; Cat#

528

A5588), and were visualized with Alkaline Phosphatase Conjugate Substrate (Bio-Rad)

529

according to the manufacturer’s instructions.

530
531

Protein samples were dissolved in SDS-PAGE loading buffer, boiled for 5 min, and loaded on 10%

532

(v/v) polyacrylamide gel. After running the gel at 100 V for ~1 h, proteins were

533

electrophoretically transferred onto a polyvinylidene fluoride (PVDF) membrane using Semidry

534

Trans-Blot apparatus (Bio-Rad) at 20 V for 20 min. The membrane was blocked in TBST buffer
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535

containing 5% (w/v) nonfat milk for 1 h, followed by washing three times with TBST buffer. The

536

membrane was incubated for 1 h with primary antibodies (anti-LHY antibody from Abiocode

537

(Cat# R3095-2) or anti-6xHis antibody from Sigma-Aldrich). After washing three times with

538

TBST buffer, the membrane was incubated with secondary antibodies from mouse (Sigma-

539

Aldrich; Cat# A1293) or rabbit (Sigma-Aldrich; Cat# A7539) conjugated with alkaline

540

phosphatase for 1 h. Proteins were visualized by Alkaline Phosphatase Conjugate Substrate (Bio-

541

Rad) according to the manufacturer’s instructions.

542
543

Immunoprecipitation and analysis of protein-lipid complex from plants

544

Immunoprecipitation was performed using 10-d-old Arabidopsis seedlings grown on ½ MS agar

545

plates, an anti-LHY antibody (Abiocode; Cat# R3095-2; Figure 3A) or anti-FLAG antibody

546

(GenScript; Cat# A00187; Figure 4A) and Protein A-Sepharose (Sigma-Aldrich), according to

547

the manufacturer’s instructions. For NBD-PA labeling (Figure 4C), 10-d old seedlings were

548

vacuum-infiltrated with 0.5 mg/mL sonicated NBD-PA (Avanti polar lipids) and 0.05% (v/v)

549

Silwet L-77 for 5 min, followed by agitation for 80 min. Plant tissues were ground with liquid

550

nitrogen and incubated in protein extraction buffer (50 mM Tris-HCl pH7.3, 50 mM NaCl, 5%

551

glycerol, 1 mM DTT) containing a protease inhibitor cocktail (Sigma-Aldrich) on ice for 30 min.

552

The homogenate was filtered through 4 layers of Miracloth (Calbiochem). Following brief

553

sonication for membrane disruption, supernatant after centrifugation at 12,000 xg for 10 min at

554

4 °C was used as a protein extract. Ten mg of Protein A-Sepharose was swollen with 0.2 ml of

555

buffer A (20 mM NaH2PO4 pH8.0, 150 mM NaCl) for 1 h and washed with buffer A. The protein

556

extract (100 g total proteins determined by Bradford assay) was mixed with 5 g of antibody,

557

the swollen Protein A-Sepharose, and buffer A to the final volume of 1 ml, and gently agitated

558

overnight at 4°C. The mixture was washed five times with buffer A by centrifugation at 2,500 xg

559

for 1 min. For protein-lipid complex analysis, lipids were extracted from the resulting pellet with

560

chloroform/methanol (2:1) mixture, dried under gentle stream of nitrogen gas, and resuspended

561

with chloroform. The lipid extracts were analyzed by mass spectrometry, as described below, for

562

Figure 3B or by TLC for Figure 4C. TLC was performed on a silica plate (Silica Gel 60 F254;

563

Merck) using chloroform/methanol/ammonium hydroxide (65:35:5) mixture as a developing

564

solvent. NBD-PA was visualized on a UV illuminator. NBD-PA spot was quantified using Image
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565

J software (v1.48).

566
567

Gel mobility shift assay

568

DNA probes used were a 48 bp of TOC1 promoter region (-734~-687 from start codon)

569

containing the evening element (EE) and the same region with the last six nucleotides of EE

570

changed to CTGCAG (Alabadí et al., 2001; TOC1pro-W and TOC1pro-M, respectively), a 45 bp

571

of ELF4 promoter region (-336~-292), a 43 bp of PRR9 promoter region (-251~209), and a 60 bp

572

of LUX target sequence (-424~-365 in PRR9 promoter). Nucleotide sequence of all probes used

573

is in Supplemental Table 2. The probes were labeled with fluorescein (6-FAM) at 5ʹ end. Single-

574

stranded complementary oligonucleotides were self-annealed in TAE buffer (10 mM Tris pH8.0,

575

50 mM NaCl, 1 mM EDTA) by incubating at 95oC for 5 min and slowly cooling down to room

576

temperature for 1 h. 1 pmol of the resulting double-stranded DNA was incubated in TAE buffer

577

with purified protein (LHY, CCA1, LUX, or GAPC1) and various effectors (e.g. PA) at room

578

temperature for 15 min. 10% (v/v) native polyacrylamide gel was used for separation of DNA.

579

After pre-running without sample at 100 V for ~1 h to remove ions and equilibrate the gel, the

580

reaction mixture was added with gel loading buffer (30% (v/v) glycerol without bromophenol

581

blue) and separated at 100 V at 4oC. DNA was visualized by an Azure c600 imager (Azure

582

Biosystems) at 495 nm excitation and 520 nm emission wavelengths.

583
584

Chromatin immunoprecipitation (ChIP)

585

ChIP was performed using EpiQuik Plant ChIP Kit (Epigentek) according to the manufacturer’s

586

instructions. Proteins and DNA were cross-linked in vivo by vacuum infiltration of 1%

587

formaldehyde into 10-day-old Arabidopsis seedlings, followed by quenching with 0.125 M

588

glycine. Tissues were then ground in liquid nitrogen and suspended in 1X CP3C solution. Tissue

589

debris was removed by filtering through two layers of Miracloth (22~25 m pore; Calbiochem)

590

and centrifuging at 1,900 xg for 20 min. The pellet was re-suspended in CP3D solution

591

containing -mercaptoethanol (BME) and centrifuged at 13,000 xg for 10 min to pellet nuclei.

592

The nuclear pellet was re-suspended in CP3E solution containing BME, layered on 300 l

593

cushion of CP3E solution containing BME, and centrifuged at 17,500 xg for 45 min. The

594

resulting chromatin pellet was re-suspended in CP3F solution containing protease inhibitor
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595

cocktail. DNA was randomly sheared by sonication for 1 min (4×15-sec burst) and checked for

596

size (200~1000 bps) on an agarose gel. After centrifuging at 17,500 xg for 10 min, the

597

supernatant (“input DNA”) was incubated for 1 h in the strip wells provided that were pre-coated

598

with 2 g antibodies. Unbound proteins/DNA were removed by washing the strip wells and

599

bound proteins were digested by proteinase K at 65°C for 15 min. Cross-linked DNA was

600

reversed with CP6 solution at 65°C for 90 min and purified through the spin column provided.

601

The final DNA product was used as a template for qPCR, as described below.

602
603

Reverse transcription-quantitative PCR (RT-qPCR)

604

Total RNA was extracted from plant tissues using TRIzol Reagent (Life Technologies) per the

605

manufacturer’s instructions. RNA was quantified by Nanodrop 2000 spectrophotometer (Thermo

606

Scientific) and checked for integrity by agarose gel electrophoresis. cDNA was synthesized by

607

SuperScript® III reverse transcriptase (Life Technologies) with 1 g of RNA and 0.5 g of

608

oligo(dT)18 primers, according to the manufacturer’s instructions. The reaction was at 50°C for

609

30 min with preincubation at 65°C for 5 min and enzyme inactivation at 70 °C for 15 min. The

610

cDNA was amplified with a Taq polymerase using gene-specific primers (sequence provided in

611

Supplemental Table 2) through the following thermal cycling conditions: preincubation at 95°C

612

for 2 min, 40 cycles of 95°C for 30 sec, 55°C for 30 sec and 68°C for 1 min, and final extension

613

at 68°C for 5 min. The PCR progress was monitored by adding SYBR Green dye using

614

StepOnePlusTM Real-Time PCR System (Applied Biosystems), and data were processed by

615

StepOneTM Software (v2.0.2). The gene expression was normalized with UBIQUITIN 10 as an

616

internal standard.

617
618

Arabidopsis growth conditions and mutant lines

619

All Arabidopsis lines used are in the Col-0 background. Arabidopsis seeds were surface-

620

sterilized with 70% (v/v) ethanol then 20% (v/v) bleach followed by washing with water, and

621

were stratified at 4°C for 2 days. Plants were germinated and grown in 1/2 Murashige and Skoog

622

(MS) media with 1% (w/v) sucrose at 22°C under light cycles of 16-h light/8-h dark or 12-h

623

light/12-h dark with a photosynthetic photon flux density (PPFD) of 120–150 mol/m2/sec (30W

624

fluorescent bulbs). At the end of the dark period, plants were transferred to constant light or dark
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625

for circadian conditions. PLDα1 PLDδ-double KO pldα1 pldδ (SALK_053785/SALK_023247)

626

was generated by crossing single mutants (Guo et al., 2014). PAH1 PAH2 double KO pah1 pah2

627

(SALK_042970/SALK_047457) and that complemented with PAH1, which were generous gifts

628

from Dr. Eastmond, were generated as described previously (Eastmond et al., 2010; Craddock et

629

al., 2015). KO mutants of lhy (SALK_149287) was obtained from the Arabidopsis Biological

630

Resource Center (Ohio State University, Columbus, OH) and LHY-CCA1 double KO cca1-1-

631

lhy20 was generated as described below. All KO mutants were confirmed as homozygotes by

632

antibiotics selection and PCR-based genotyping. To generate LHY-overexpression lines, LHY-

633

coding sequence was amplified from 10-d old seedlings by PCR using pFAST-LHY primers

634

(sequence provided in Supplemental Table 2). The PacI/SalI digested DNA fragment was cloned

635

into a binary vector p35S-FAST and introduced into Arabidopsis (Col-0) via agrobacterium-

636

mediated transformation, as described previously (Guo et al., 2014). LHY-overexpression lines

637

were identified by resistance to kanamycin and verified by PCR and DNA sequencing, and a

638

total of 15 positive lines were generated.

639
640

To generate Arabidopsis lines with FLAG-tagged LHY/CCA1/LUX, cca1-1 lhy20 and cca1-1

641

CCA1:LUC were generated by crossing cca1-1 to either lhy20 and CCA1:LUC (Pruneda-Paz et

642

al., 2009), respectively. For 35S:LUX-FLAG3-His6, pENTR-LUX (Helfer et al., 2011) was

643

recombined with pB7-HFC (Huang and Nusinow, 2016) by LR Clonase II (Invitrogen) to

644

generate pB7HFC-LUX. For LHY:LHY-FLAG3-His6, first the LHY coding sequence was

645

amplified from cDNA using LHY-FLAG primers (sequence provided in Supplemental Table 2)

646

and recombined into NotI/AscI-digested pENTR-dTOPO using InFusion (Takara Clonetech) to

647

produce pENTR-dTOPO LHY with no stop codon. The pENTR-dTOPO LHY construct was

648

recombined into pB7HFC by LR Clonase II to generate pB7HFC-LHY. To generate a pB7HFC-

649

LHY line that was driven by the endogenous LHY promoter, we amplified 1807 bp from the 3ʹ

650

UTR of the adjacent gene to the 5ʹ UTR of LHY using pB7HFC-LHY primers containing

651

PmeI/SpeI sites (sequence provided in Supplemental Table 2). pB7HFC-LHY was digested with

652

SpeI and PmeI, and the LHY-promoter fragment was replaced with the Cauliflower Mosaic Virus

653

35S (CaMV35S) promoter using InFusion recombination, generating pB7HFC-LHY:LHY.

654

pENTR-CCA1 (Pruneda-Paz et al., 2009) was recombined into pB7HFC by LR Clonase II to

655

generate pB7HFC-CCA1. To produce a CCA1 promoter-driven construct, we amplified 2623 bp
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656

from the end of the 3ʹ UTR of the adjacent gene to an internal BglII site using pB7HFC-CCA1

657

primers (sequence provided in Supplemental Table 2). pB7HFC-CCA1 was cut with PmeI and

658

BglII and the amplified promoter fragment was recombined in using InFusion. All vectors were

659

sequenced prior to transformation to verify sequence integrity. pB7HFC-LUX, pB7HFC-

660

LHY:LHY, pB7HFC-CCA1:CCA1 were transformed by floral dip into lux-4 CAB2:LUC (Hazen

661

et al., 2005), lhy-20 CCA1:LUC (Pruneda-Paz et al., 2009), or cca1-1 CCA1:LUC background,

662

respectively. Transformants were selected for single insertion via Basta resistance and evaluated

663

for rescuing circadian period mutant phenotypes. All lines were brought to homozygosity before

664

use.

665
666

Measurements of leaf movement and luciferase activity

667

Five-day-old Arabidopsis seedlings grown on a 1/2 MS plate under the light/dark cycle were

668

individually transferred to a 24-well plate by carefully excising an agar square (~1 cm2)

669

surrounding the seedling and transferring it onto the wall of each well, with the cotyledons

670

perpendicular to the plate. In a growth chamber with continuous light, the plate was placed in

671

vertical orientation with a white background to facilitate imaging. Plant images were taken every

672

hour for 5 days using Optio-750Z digital camera (Pentax) with the interval shooting mode.

673

Values for vertical coordinates of leaf edge and hypocotyl apex were obtained for each image

674

using the pixel tracking function of Image J software (v1.48), and plotted by Microsoft Office

675

Excel (2007).

676
677

The TOC1:LUC construct was previously described (Alabadí et al., 2001). 7 Arabidopsis seeds

678

sterilized were sown on 1/2 MS medium + 1% sucrose in each well of 6-well dishes. Following

679

stratification at 4°C for 2 days, the plants were grown in 12-h light/12-dark cycles at 22°C for 7

680

days and transferred to a growth chamber equipped with PIXIS 1024B CCD camera (Princeton

681

Instruments, Trenton, New Jersey) and LED lights (70 µmol/m2/s, wavelengths 400, 430, 450,

682

530, 630, and 660 at intensity 350; Heliospectra LED lights, Göteborg, Sweden). Plant images

683

were taken every 60 min after a 180 second delay for 4 min with 1x1 binning using µManager

684

software (Edelstein et al., 2010; Edelstein et al., 2014). After 36 h (ZT=12h) the plants were

685

removed from the chamber, sprayed with the drugs and returned to continue imaging. The

686

images were processed using Metamorph imaging software (Molecular Devices, Sunnyvale, CA).
22

687
688

Lipid extraction, profiling and oil content analysis

689

Lipids were extracted and analyzed by electrospray ionization tandem mass spectrometry ESI-

690

MS/MS-based method as described previously (Welti et al., 2002). Plant tissues were incubated

691

with isopropanol containing 0.01% (w/v) butylated hydroxytoluene (BHT) at 75°C for 15 min to

692

prevent lipoxidation and lipolysis. Polar lipids were extracted from the tissues with chloroform

693

and water by agitating the mixture for 1 h. Lipids were further extracted three times with a 2:1

694

(v/v) mixture of chloroform and methanol containing 0.01% (w/v) BHT. All lipid extracts were

695

combined and washed twice by mixing with 1 M KCl (water for the second wash) and a brief

696

centrifugation. The lower organic phase was dried under a gentle stream of nitrogen gas and re-

697

dissolved in chloroform. The resulting lipids were applied to ESI-MS/MS (API-4000) detection

698

system with a mixture of internal lipid standards and solution B (95% (v/v) methanol, 14.3 mM

699

ammonium acetate), and data were processed by Analyst software (v1.5.1). After the lipid

700

extraction, remaining tissues were air-dried and measured for dry weight.

701
702

To analyze seed oil content, seeds were collected from Arabidopsis WT and mutant plants grown

703

side by side ants grown side by side under light cycles of 16-h light/8-h dark or 12-h light/12-h

704

dark. Mature seeds (3 to 5 mg/sample) were incubated with 2 mL methanol containing 5% (v/v)

705

H2SO4 and 0.01% (w/v) BHT in a glass tube with Teflon-lined screw cap at 90°C for 90 min for

706

transmethylation. Fatty acid methyl esters (FAMEs) were extracted with hexane and water. After

707

a brief centrifugation, the upper phase with FAMEs was applied to a gas chromatography

708

detection system (Shimadzu GC-17A) with heptadecanoic acid (C17:0) as an internal standard

709

for quantification. The gas chromatography system was supplied with a hydrogen flame

710

ionization detector and a capillary column SUPELCOWAX-10 (30 m; 0.25 mm) with helium

711

carrier at 20 mL/min. The oven temperature was maintained at 170°C for 1 min and then

712

increased in steps to 210°C, raising the temperature by 3°C/min. FAMEs from TAG were

713

identified by comparing their retention times with known standards.

714
715

Statistical analyses

716

For analysis of circadian rhythm data, relative amplitude error (RAE) and period length for

717

TOC1 expression and leaf movement shown in Figures 8 and 9 were analyzed by fast Fourier
23

718

transformed nonlinear least squares (FFT-NLLS; Plautz et al., 1997) using the Biological

719

Rhythms Analysis Software System 3.0 (BRASS) available at http://www.amillar.org. 6 to more

720

than 20 biological replicates (individual seedlings) were tested and for each, the seedling with

721

RAE below 0.5 was considered to be significantly rhythmic. The number of these samples is

722

denoted as ‘N’ in Table 2. Periods of the rhythmic samples were subjected to statistical analysis

723

performed with GraphPad software t-test calculator, in which case only period changes with p <

724

0.05 or 0.01 following Student’s t-test paired with controls were considered significant and

725

marked with asterisks in Table 2. For other quantitative data, one-way ANOVA, Student’s t-test,

726

or correlation analyses were used as specified in each figure.

727
728

Accession Numbers

729

Sequence data from this article can be found in The Arabidopsis Information Resource (TAIR;

730

http://www.arabidopsis.org) under the following accession numbers: LHY, At1g01060; CCA1,

731

At2g46830; TOC1, At5g61380; ELF4, At2g40080; PRR9, At2g46790; LUX, At3g46640;

732

PLD1, At3g15730; PLD, At4g35790; PAH1, At3g09560; PAH2, At5g42870; Ubiquitin10,

733

At4g05320

734
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978

FIGURE LEGENDS:

979

Figure 1. Screening of the library for PA-binding transcription factors. (A) PCR

980

amplification of the cDNA library. PCR was performed with total plasmid DNA from the pooled

981

E. coli colonies as a template and primers binding to upstream and downstream of the cloning

982

sites. PCR products were separated on an agarose gel and visualized by ethidium bromide. Size

983

of the DNA markers is indicated on the left. The experiment was performed at least twice with

984

similar results. (B) Immunoblotting of the protein expression library. Total proteins from the

985

pooled E. coli colonies were separated on a polyacrylamide gel and immunoblotting was

986

performed with an anti-6xHis antibody conjugated with alkaline phosphatase. Size of the protein

987

markers is indicated on the left. The experiment was performed at least twice with similar results.

988

(C) Identification of LHY by mass spectrometry. Amino acid sequence of LHY is shown with the

989

peptides underlined that have been sequenced by mass spectrometry (probability >95% and

990

MASCOT ion score >40).

991
992

Figure 2. PA and LHY binding specificity and kinetics. (A) Filter-blotting assays.

993

Nitrocellulose filters spotted with the indicated lipids were incubated with LHY and blotted with
32

994

an anti-6xHis antibody. Proteins were detected by alkaline phosphatase reaction. Left blot shows

995

total molecular species of phospholipid classes from egg yolk and right blot indicates PA species

996

with acyl chains at sn-1 and sn-2 positions. The experiment was performed at least twice with

997

similar results. Chl, chloroform control. PC, phosphatidylcholine; PS, phosphatidylserine; PE,

998

phosphatidylethanolamine; PI, phosphatidylinositol; PG, phosphatidylglycerol; PA, phosphatidic

999

acid. (B) Liposome precipitation assay. LHY was incubated with liposomes containing PC and

1000

the indicated PA species. Protein co-precipitated with the liposomes was probed by

1001

immunoblotting with anti-6xHis antibody. Bottom blot shows protein input with 1/10 of the

1002

amount used for the assay. The experiment was performed at least twice with similar results. (C)

1003

Surface plasmon resonance (SPR) analysis. Protein response was monitored as liposomes with

1004

16:0-16:0 PC or 16:0-16:0 PA in 16:0-16:0 PC (1:3 molar ratio) liposomes were injected onto the

1005

sensor chip. Liposome injection was stopped at the time point indicated by arrow head. Values

1006

are means of triplicate. The original readout is provided in Supplemental Dataset 2. (D) PA-

1007

CCA1 interaction. Filter-blotting assays were performed as in (A) with CCA1.

1008
1009

Figure 3. Mass spectrometric confirmation of PA-LHY binding in vivo. (A) Isolation of LHY

1010

by immunoprecipitation. LHY was immunoprecipitated using an anti-LHY antibody from 10-d-

1011

old Arabidopsis wild-type (WT) and LHY knockout mutant (lhy) seedlings grown on ½ MS agar

1012

plates and harvested at ZT0, and was probed by immunoblotting using the same antibody. + and -

1013

indicate with and without antibody in the immunoprecipitation, respectively. Bottom blot shows

1014

protein input (ACTIN) with 1/10 of the amount used for the immunoprecipitation. (B) Co-

1015

precipitation of total PA with LHY. Total PA extracted from LHY immunoprecipitated in (A) was

1016

quantified by ESI-MS/MS. Values are mean ± S.D. (n=3; for each bar, 3 independent groups of

1017

seedlings sampled at the same time were used for immunoprecipitation, lipid extraction, and MS

1018

analysis). Asterisk denotes statistical significance compared with WT-, lhy+, and lhy- as

1019

determined by One-way ANOVA (Duncan’s Multiple Range test; p < 0.001). (C) Co-

1020

precipitation of PA species with LHY. PA species from total PA extracted in (B) were quantified

1021

by ESI-MS/MS. Values are mean ± S.D. (n=3 as in B). Asterisk denotes statistical significance

1022

compared with WT-, lhy+, and lhy- as determined by One-way ANOVA (Duncan’s Multiple

1023

Range test; p < 0.05).

1024
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1025

Figure 4. Fluorescence labeling confirmation of PA-LHY/CCA1 binding in vivo. (A)

1026

Isolation of proteins by immunoprecipitation from transgenic plants. Proteins were

1027

immunoprecipitated with an anti-FLAG antibody from Arabidopsis lines expressing the FLAG-

1028

tagged proteins indicated on the top that were harvested at ZT0 and infiltrated with NBD-PA.

1029

Immunoprecipitated proteins were probed by immunoblotting with the anti-FLAG antibody.

1030

Position of each protein and size marker are on the left and right, respectively. Bottom blot

1031

shows protein input (ACTIN) with 1/10 of the amount used for the immunoprecipitation. (B)

1032

Filter-blotting assays demonstrating the PA-protein interaction. Nitrocellulose filters spotted with

1033

total PA (from egg yolk) were incubated with the indicated proteins and blotted with an anti-

1034

6xHis antibody. Proteins were detected by alkaline phosphatase reaction. The experiment was

1035

performed at least twice with similar results. (C) Co-precipitation of NBD-PA with LHY and

1036

CCA1, but not LUX. Total lipids were extracted individually from the infiltrated plants (‘Total’)

1037

and from the immunoprecipitates (‘IP’). Extracted lipids were separated on TLC and visualized

1038

by UV illumination. NBD-PA, authentic NBD-PA standard. The experiment was performed three

1039

times with similar results. (D) Quantification of NBD-PA from ‘IP’ samples. NBD-PA spot

1040

density from ‘IP’ samples shown in (C) was quantified using Image J software based on the

1041

known amount of NBD-PA standard. Values are mean ± S.D. (n=3; for each transgenic plant, 3

1042

independent groups of seedlings sampled at the same time were used for immunoprecipitation,

1043

lipid extraction, and TLC quantification). N/D, not detected.

1044
1045

Figure 5. PA inhibition of LHY-DNA interaction. (A) LHY interaction with TOC1 promoter.

1046

Electrophoretic mobility shift assay (EMSA) was performed with the proteins indicated on the

1047

top and a 48-bp oligonucleotide of TOC1 promoter region (TOC1pro-W) or the same region with

1048

LHY-binding site mutated (TOC1pro-M). Black triangles indicate increasing amount (0.1, 0.2, and

1049

0.5 mg) of proteins added. Arrows indicate positions of protein-bound (top) and free (bottom)

1050

DNA bands. The experiment was performed at least twice with similar results. GAPC1,

1051

GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE1. (B) PA inhibition of LHY-DNA

1052

interaction in vitro. EMSA was performed as in (A) with TOC1pro-W, 0.5 mg LHY, and the

1053

effectors indicated on the top. Black triangle indicates increasing amount (0, 0.01, 0.1, and 1 mg)

1054

of total PA (from egg yolk) added. Arrows indicate positions of protein-bound (top) and free

1055

(bottom) DNA bands. The experiment was performed at least twice with similar results. PC,
34

1056

phosphatidylcholine (1 mg); PG, phosphatidylglycerol (1 mg); NaH2PO4, sodium phosphate (0.1

1057

M); HCl, hydrochloric acid (0.1 N); 18:1-18:1 and 16:0-18:1, PA molecular species (1 mg each).

1058
1059

Figure 6. Effect of PA on various clock protein–DNA interactions. (A) PA effect on LHY

1060

binding to ELF4pro and PRR9pro. Electrophoretic mobility shift assay (EMSA) was performed

1061

with 0.5 mg LHY, 1 mg of total PA (from egg yolk), and oligonucleotides of ELF4 and PRR9

1062

promoter regions. Arrows indicate positions of protein-bound (top) and free (bottom) DNA bands.

1063

The experiment was performed at least twice with similar results. (B) PA effect on CCA1-DNA

1064

interaction. EMSA was performed with TOC1pro-W and 0.5 mg purified CCA1. Black triangle

1065

indicates increasing amount (0, 0.01, 0.1, and 1 mg) of total PA (from egg yolk) added. Arrows

1066

indicate positions of protein-bound (top) and free (bottom) DNA bands. The experiment was

1067

performed at least twice with similar results. (C) PA effect on LUX-DNA interaction. EMSA was

1068

performed with an oligonucleotide of LUX target sequence (LUX-binding site of PRR9 promoter

1069

region), 0.5 mg purified LUX, and 1 mg total PA (from egg yolk). Arrows indicate positions of

1070

protein-bound (top) and free (bottom) DNA bands. The experiment was performed at least twice

1071

with similar results.

1072
1073

Figure 7. ChIP-PCR analysis of LHY-DNA binding in mutants with altered PA production.

1074

(A) Multiple reactions in PA production and removal in plants. Enzymes catalyzing each reaction

1075

are on arrows, with the number of isotypes identified in Arabidopsis in parenthesis. DAG-PPi,

1076

diacylglycerol pyrophosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; PLA, phospholipase

1077

A; LPAT, lysophosphatidic acid acyltransferase; NPC, nonspecific phospholipase C; PI-PLC,

1078

phosphatidylinositol-phospholipase C; LPP, lipid phosphate phosphatase; PAK, phosphatidic

1079

acid kinase. (B) PA levels in WT Arabidopsis and PLD and PAH mutants. Total lipids were

1080

extracted from 10-day-old seedlings and PA was quantified by ESI-MS/MS. Values are mean ±

1081

S.D. (n=5; for each plant line, 5 independent groups of seedlings sampled at the same time were

1082

used for lipid extraction and MS analysis). Asterisk denotes statistical significance compared

1083

with WT as determined by Student’s t-test (p < 0.01). (C) Immunoblotting of LHY protein

1084

expression. Nuclear proteins were extracted from 10-day-old Arabidopsis plants indicated at the

1085

time point used for the ChIP (ZT0). LHY was probed by an anti-LHY antibody. Histone H3 is

1086

included as a nuclear marker protein for a loading control. The experiment was performed at
35

1087

least twice with similar results. (D) Verification of precipitated DNA by PCR. Chromatin

1088

immunoprecipitation (ChIP) was performed using an anti-LHY antibody from 10-day-old

1089

Arabidopsis plants indicated on the top. Input DNA (ID) and DNA precipitated with antibody (+)

1090

or without antibody (-) were PCR-amplified using primers specific to the promoter region

1091

(TOC1pro) or 3ʹ-UTR region (TOC13ʹUTR) of TOC1. Note that the 3ʹ-UTR region is not detected

1092

due to the DNA shearing. The experiment was performed at least twice with similar results. (E)

1093

Quantification of precipitated DNA by qPCR. ChIP was performed as in (D). DNA precipitated

1094

with the antibody was quantified by qPCR using primers specific to TOC1 promoter region. Data

1095

are shown as % of PCR product amplified from the input DNA. Values are mean ± S.D. (n=5; for

1096

each plant line, 5 independent groups of seedlings sampled at the same time were used for IP and

1097

qPCR). Asterisk denotes statistical significance compared with WT as determined by Student’s t-

1098

test (p < 0.01). N/D, not detected.

1099
1100

Figure 8. Perturbation of circadian outputs by PAH mutations. (A and C) TOC1 expression

1101

under circadian condition. Plants were entrained to 12-h light/12-h dark cycles for 7 days and

1102

TOC1 expression was analyzed under constant light by RT-qPCR. Values are mean ± S.D. (n=6;

1103

for each plant line, 6 independent seedlings sampled at each time point indicated were used for

1104

RNA extraction and RT-qPCR analysis) normalized to WT at 0 hour. Period length is in

1105

parenthesis. PAH-com, PAH1-complemented pah1 pah2. (B and D) Vertical leaf movement

1106

under circadian condition. Plants were entrained to 12-h light/12-h dark cycle for 5 days and leaf

1107

movement was monitored under constant light. Values are mean ± S.D. (n=12 for C and 8 for D;

1108

for each plant line, 12 or 8 independent seedlings photographed at each time point indicated were

1109

used for image analysis) normalized to initial leaf position. Period length is in parenthesis. PAH-

1110

com, PAH1-complemented pah1 pah2.

1111
1112

Figure 9. Perturbation of circadian outputs by chemical manipulation of PA. (A and C)

1113

Effect of 1-butanol and DGK inhibitor on circadian expression of TOC1. Transgenic plants with

1114

TOC1:LUC were entrained to 12-h light/12-dark cycles for 7 days then treated with 1% 1-

1115

butanol, 100 mM DGK inhibitor (R59022), 1% 2-butanol, or 1% DMSO at ZT12. Luciferase

1116

reporter activity was monitored under constant light. Values are mean ± S.D. (n>20; for each

1117

treatment, more than 20 independent seedlings photographed at each time point indicated were
36

1118

used for image analysis) normalized to background signal. Period length is in parenthesis. (B and

1119

D) Effect of 1-butanol and DGK inhibitor on circadian leaf movement. WT plants were entrained

1120

to 12-h light/12-dark cycles for 5 days then treated with 1% 1-butanol, 100 mM DGK inhibitor

1121

(R59022), 1% 2-butanol, or 1% DMSO at ZT12. Leaf movement was monitored under constant

1122

light. Values are mean ± S.D. (n=12; for each treatment, 12 independent seedlings photographed

1123

at each time point indicated were used for image analysis) normalized to initial leaf position.

1124

Period length is in parenthesis. In (C) and (D), the untreated control (None) was reproduced from

1125

(A) and (B), respectively, for ease of comparison. (E) PA levels in Arabidopsis treated with

1126

butanol and DGK inhibitor. Total lipids were extracted from 7-day-old seedlings treated as in (A

1127

and C) for 1 hour. PA was quantified by ESI-MS/MS. Values are mean ± S.D. (n=5; for each

1128

treatment, 5 independent groups of seedlings sampled at the same time were used for lipid

1129

extraction and MS analysis). Asterisk denotes statistical significance compared with controls as

1130

determined by Student’s t-test (p < 0.01).

1131
1132

Figure 10. Effect of LHY and CCA1 on lipid production. (A-E) Time-dependent change in

1133

levels of 36:4PG (A), 38:5PS (B), 36:6PA (C), 34:4PA (D), and total PA (E) in WT and lhy cca1.

1134

10-day-old plants were grown in 16-h light/8-h dark cycles and total lipids were extracted every

1135

3 hours for up to 24 hours. Membrane glycerolipids were quantified by ESI-MS/MS. Data points

1136

(WT closed; lhy cca1 open) are mean ± S.D. (n=5; for each plant line, 5 independent groups of

1137

seedlings sampled at each time point indicated were used for lipid extraction and MS analysis),

1138

through which the best-fit lines (WT solid; lhy cca1 dashed) are shown with the coefficient of

1139

determination (R2) for WT resulted from the polynomial regression analysis. Note that R2 for lhy

1140

cca1 was not significant (< 0.5) from any regression analysis performed (linear regression shown

1141

here). Asterisks denote statistical significance compared with lhy cca1 at each time point as

1142

determined by Student’s t-test (p < 0.05). DW, dry weight of seedlings. All individual values are

1143

provided in Supplemental Dataset 3. (F) Seed oil content. Triacylglycerols extracted from dry

1144

seeds were transmethylated and the resulting fatty acid methyl esters were quantified by gas

1145

chromatography. Values are % of dry seed weight and mean ± S.D. (n=5; for each plant line, 5

1146

independent groups of dry seeds harvested at the same time were used for lipid extraction and

1147

GC analysis). Asterisks denote statistical significance compared with WT as determined by

1148

Student’s t-test (p < 0.01). OE, transgenic plant overexpressing LHY.
37

1149
1150

Figure 11. Proposed model for reciprocal regulation of circadian clock and lipid

1151

metabolism. PA binds to LHY and CCA1 and perturbs the circadian clock by suppressing their

1152

binding to TOC1 promoter. Reciprocally, the clock oscillators regulate the expression of genes

1153

involved in lipid metabolism to tune membrane and storage lipids including PA.

1154
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1155

TABLES:

1156

Table 1. Kinetic comparison of LHY and CCA1 interaction with PA. Surface plasmon

1157

resonance (SPR) analysis was performed by monitoring protein response as liposomes with 16:0-

1158

16:0 PA were injected onto the sensor chip. Kinetic constants were calculated by Prism v5.01

1159

(GraphPad) and are shown as mean ± S.D. (n=3 reactions). RU, response unit.

1160

Kinetic
constant

LHY

CCA1

Bmax (RU)

2,056 ± 63

2,650 ± 109

Kon (M-1S-1)

1,150 ± 58

1,638 ± 48

Koff (S-1)

2.08×10-4 ± 6.25×10-6

1.90×10-4 ± 4.04×10-6

KD (M)

1.81×10-7 ± 8.15×10-9

1.16×10-7 ± 6.00×10-9

1161
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1162

Table 2. Period estimates of circadian rhythms shown in Figures 8 and 9. Brief description

1163

of how each experiment was performed is provided in the figure legends. P, Student’s t-test

1164

paired with control (WT or None); RAE, mean of relative amplitude error; N, the number of

1165

rhythmic samples. N/D, not determined; Asterisk denotes significant difference when compared

1166

with controls (*p < 0.05; **p < 0.01). See Methods for details of statistical analysis.

Circadian output

Plant line or
drug treatment

Period (h)

P

RAE

N

TOC1 expression
(Figure 8A)

WT
pah1 pah2
PAH-com
WT
pah1 pah2
PAH-com
None
1-butanol
2-butanol
DGK inhibitor
DMSO
None
1-butanol
2-butanol
DGK inhibitor
DMSO

24.4±1.1
25.7±0.8
24.5±1.5
23.7±0.4
24.7±0.9
23.8±1.2
24.9±1.1
23.9±1.4
24.6±1.5
24.0±1.3
24.7±1.5
23.8±0.9
22.6±0.5
23.3±0.8
22.5±1.2
23.2±1.5

1.000
0.041*
0.898
1.000
0.002**
0.787
1.000
0.016*
0.475
0.023*
0.633
1.000
<0.001**
0.164
0.007**
0.247

0.42±0.063
0.37±0.039
0.39±0.052
0.29±0.049
0.28±0.036
0.34±0.051
0.25±0.087
0.26±0.063
0.28±0.066
0.23±0.019
0.23±0.026
0.30±0.049
0.28±0.033
0.32±0.084
0.31±0.044
0.28±0.057

6
6
6
12
12
12
>20
>20
>20
>20
>20
12
12
12
12
12

Leaf movement
(Figure 8B)
TOC1 expression
(Figures 9A & C)

Leaf movement
(Figures 9B & D)

1167

40

A

B
8.0

kbp

kDa

10.0

180
135

6.0
4.0
3.0

5.0
2.5

100
75
63

2.0
1.5

48

1.0
0.75
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0.5

25
20

0.25

C

1
51
101
151
201
251
301
351
401
451
501
551
601
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Figure 1. Screening of the library for PA-binding transcription factors. (A) PCR
amplification of the cDNA library. PCR was performed with total plasmid DNA from the
pooled E. coli colonies as a template and primers binding to upstream and downstream
of the cloning sites. PCR products were separated on an agarose gel and visualized by
ethidium bromide. Size of the DNA markers is indicated on the left. The experiment was
performed at least twice with similar results. (B) Immunoblotting of the protein
expression library. Total proteins from the pooled E. coli colonies were separated on a
polyacrylamide gel and immunoblotting was performed with an anti-6xHis antibody
conjugated with alkaline phosphatase. Size of the protein markers is indicated on the
left. The experiment was performed at least twice with similar results. (C) Identification
of LHY by mass spectrometry. Amino acid sequence of LHY is shown with the peptides
underlined that have been sequenced by mass spectrometry (probability >95% and
MASCOT ion score >40).
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Figure 2. PA interaction with LHY and CCA1. (A) Filter-blotting assays. Nitrocellulose filters
spotted with the indicated lipids were incubated with LHY and blotted with an anti-6xHis antibody.
Proteins were detected by alkaline phosphatase reaction. Left blot shows total molecular species
of phospholipid classes from egg yolk and right blot indicates PA species with acyl chains at sn-1
and sn-2 positions. The experiment was performed at least twice with similar results. Chl,
chloroform
control.
PC,
phosphatidylcholine;
PS,
phosphatidylserine;
PE,
phosphatidylethanolamine; PI, phosphatidylinositol; PG, phosphatidylglycerol; PA, phosphatidic
acid. (B) Liposome precipitation assay. LHY was incubated with liposomes containing PC and the
indicated PA species. Protein co-precipitated with the liposomes was probed by immunoblotting
with anti-6xHis antibody. Bottom blot shows protein input with 1/10 of the amount used for the
assay. The experiment was performed at least twice with similar results. (C) Surface plasmon
resonance (SPR) analysis. Protein response was monitored as liposomes with 16:0-16:0 PC or
16:0-16:0 PA in 16:0-16:0 PC (1:3 molar ratio) liposomes were injected onto the sensor chip.
Liposome injection was stopped at the time point indicated by arrow head. Values are means of
triplicate. The original readout is provided in Supplemental Dataset 2. (D) PA-CCA1 interaction.
Filter-blotting assays were performed as in (A) with CCA1.
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Figure 3. Mass spectrometric confirmation of PA-LHY binding in vivo. (A) Isolation of LHY by
immunoprecipitation. LHY was immunoprecipitated using an anti-LHY antibody from 10-d-old
Arabidopsis wild-type (WT) and LHY knockout mutant (lhy) seedlings grown on ½ MS agar plates
and harvested at ZT0, and was probed by immunoblotting using the same antibody. + and indicate with and without antibody in the immunoprecipitation, respectively. Bottom blot shows
protein input (actin) with 1/10 of the amount used for the immunoprecipitation. (B) Co-precipitation
of total PA with LHY. Total PA extracted from LHY immunoprecipitated in (A) was quantified by
ESI-MS/MS. Values are mean ± S.D. (n=3; for each bar, 3 independent groups of seedlings
sampled at the same time were used for immunoprecipitation, lipid extraction, and MS analysis).
Asterisk denotes statistical significance compared with WT-, lhy+, and lhy- as determined by Oneway ANOVA (Duncan’s Multiple Range test; p < 0.001). (C) Co-precipitation of PA species with
LHY. PA species from total PA extracted in (B) were quantified by ESI-MS/MS. Values are mean ±
S.D. (n=3 as in B for each of WT+, WT-, lhy+ and lhy-). Asterisk denotes statistical significance
compared with WT-, lhy+, and lhy- as determined by One-way ANOVA (Duncan’s Multiple Range
test; p < 0.05).
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Figure 4. Fluorescence labeling confirmation of PA-LHY/CCA1 binding in vivo. (A) Isolation
of proteins by immunoprecipitation from transgenic plants. Proteins were immunoprecipitated with
an anti-FLAG antibody from Arabidopsis lines expressing the FLAG-tagged proteins indicated on
the top that were harvested at ZT0 and infiltrated with NBD-PA. Immunoprecipitated proteins were
probed by immunoblotting with the anti-FLAG antibody. Position of each protein and size marker
are on the left and right, respectively. Bottom blot shows protein input (actin) with 1/10 of the
amount used for the immunoprecipitation. (B) Filter-blotting assays demonstrating the PA-protein
interaction. Nitrocellulose filters spotted with total PA (from egg yolk) were incubated with the
indicated proteins and blotted with an anti-6xHis antibody. Proteins were detected by alkaline
phosphatase reaction. The experiment was performed at least twice with similar results. (C) Coprecipitation of NBD-PA with LHY and CCA1, but not LUX. Total lipids were extracted individually
from the infiltrated plants (‘Total’) and from the immunoprecipitates (‘IP’). Extracted lipids were
separated on TLC and visualized by UV illumination. NBD-PA, authentic NBD-PA standard. The
experiment was performed three times with similar results. (D) Quantification of NBD-PA from ‘IP’
samples. NBD-PA spot density from ‘IP’ samples shown in (C) was quantified using Image J
software based on the known amount of NBD-PA standard. Values are mean ± S.D. (n=3; for each
transgenic plant, 3 independent groups of seedlings sampled at the same time were used for
immunoprecpitation, lipid extraction, and TLC quantification). N/D, not detected.
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Figure 5. PA inhibition of LHY-DNA interaction. (A) LHY interaction with TOC1 promoter.
Electrophoretic mobility shift assay (EMSA) was performed with the proteins indicated on the
top and a 48-bp oligonucleotide of TOC1 promoter region (TOC1pro-W) or the same region with
LHY-binding site mutated (TOC1pro-M). Black triangles indicate increasing amount (0.1, 0.2,
and 0.5 mg) of proteins added. Arrows indicate positions of protein-bound (top) and free
(bottom) DNA bands. The experiment was performed at least twice with similar results.
GAPC1, glyceraldehyde-3-phosphate dehydrogenase1. (B) PA inhibition of LHY-DNA
interaction in vitro. EMSA was performed as in (A) with TOC1pro-W, 0.5 mg LHY, and the
effectors indicated on the top. Black triangle indicates increasing amount (0, 0.01, 0.1, and 1
mg) of total PA (from egg yolk) added. Arrows indicate positions of protein-bound (top) and free
(bottom) DNA bands. The experiment was performed at least twice with similar results. PC,
phosphatidylcholine (1 mg); PG, phosphatidylglycerol (1 mg); NaH2PO4, sodium phosphate (0.1
M); HCl, hydrochloric acid (0.1 N); 18:1-18:1 and 16:0-18:1, PA molecular species (1 mg each).
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Figure 6. Effect of PA on various clock protein-DNA interactions. (A) PA effect on LHY
binding to ELF4pro and PRR9pro. Electrophoretic mobility shift assay (EMSA) was performed
with 0.5 mg LHY, 1 mg of total PA (from egg yolk), and oligonucleotides of ELF4 and PRR9
promoter regions. Arrows indicate positions of protein-bound (top) and free (bottom) DNA
bands. The experiment was performed at least twice with similar results. (B) PA effect on
CCA1-DNA interaction. EMSA was performed with TOC1pro-W and 0.5 mg purified CCA1.
Black triangle indicates increasing amount (0, 0.01, 0.1, and 1 mg) of total PA (from egg yolk)
added. Arrows indicate positions of protein-bound (top) and free (bottom) DNA bands. The
experiment was performed at least twice with similar results. (C) PA effect on LUX-DNA
interaction. EMSA was performed with an oligonucleotide of LUX target sequence (LUXbinding site of PRR9 promoter region), 0.5 mg purified LUX, and 1 mg total PA (from egg yolk).
Arrows indicate positions of protein-bound (top) and free (bottom) DNA bands. The experiment
was performed at least twice with similar results.
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Figure 7. ChIP-PCR analysis of LHY-DNA binding in mutants with altered PA production. (A) Multiple reactions in
PA production and removal in plants. Enzymes catalyzing each reaction are on arrows, with the number of isotypes
identified in Arabidopsis in parenthesis. DAG-PPi, diacylglycerol pyrophosphate; PIP2, phosphatidylinositol 4,5bisphosphate; PLA, phospholipase A; LPAT, lysophosphatidic acid acyltransferase; NPC, nonspecific phospholipase C;
PI-PLC, phosphatidylinositol-phospholipase C; LPP, lipid phosphate phosphatase; PAK, phosphatidic acid kinase. (B) PA
levels in WT Arabidopsis and PLD and PAH mutants. Total lipids were extracted from 10-day old seedlings and PA was
quantified by ESI-MS/MS. Values are mean ± S.D. (n=5; for each plant line, 5 independent groups of seedlings sampled
at the same time were used for lipid extraction and MS analysis). Asterisk denotes statistical significance compared with
WT as determined by Student’s t-test (p < 0.01). (C) Immunoblotting of LHY protein expression. Nuclear proteins were
extracted from 10-day old Arabidopsis plants indicated at the time point used for the ChIP (ZT0). LHY was probed by an
anti-LHY antibody. Histone H3 is included as a nuclear marker protein for a loading control. The experiment was
performed at least twice with similar results. (D) Verification of precipitated DNA by PCR. Chromatin immunoprecipitation
(ChIP) was performed using an anti-LHY antibody from 10-day old Arabidopsis plants indicated on the top. Input DNA
(ID) and DNA precipitated with antibody (+) or without antibody (-) were PCR-amplified using primers specific to the
promoter region (TOC1pro) or 3’-UTR region (TOC13’UTR) of TOC1. Note that the 3’-UTR region is not detected due to the
DNA shearing. The experiment was performed at least twice with similar results. (E) Quantification of precipitated DNA by
qRT-PCR. ChIP was performed as in (D). DNA precipitated with the antibody was quantified by qRT-PCR using primers
specific to TOC1 promoter region. Data are shown as % of PCR product amplified from the input DNA. Values are mean
± S.D. (n=5; for each plant line, 5 independent groups of seedlings sampled at the same time were used for IP and qRTPCR). Asterisk denotes statistical significance compared with WT as determined by Student’s t-test (p < 0.01). N/D, not
detected.
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Figure 8. Perturbation of circadian outputs by PAH mutations. (A and C) TOC1 expression
under circadian condition. Plants were entrained to 12-h light/12-h dark cycles for 7 days and
TOC1 expression was analyzed under constant light by qRT-PCR. Values are mean ± S.D. (n=6;
for each plant line, 6 independent seedlings sampled at each time point indicated were used for
RNA extraction and PCR analysis) normalized to WT at 0 hour. Period length is in parenthesis.
PAH-com, PAH1-complemented pah1 pah2. (B and D) Vertical leaf movement under circadian
condition. Plants were entrained to 12-h light/12-h dark cycle for 5 days and leaf movement was
monitored under constant light. Values are mean ± S.D. (n=12 for C and 8 for D; for each plant
line, 12 or 8 independent seedlings photographed at each time point indicated were used for
image analysis) normalized to initial leaf position. Period length is in parenthesis. PAH-com,
PAH1-complemented pah1 pah2.
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Figure 9. Perturbation of circadian outputs by chemical manipulation of PA. (A and C) Effect of 1butanol and DGK inhibitor on circadian expression of TOC1. Transgenic plants with TOC1:LUC were
entrained to 12-h light/12-dark cycles for 7 days then treated with 1% 1-butanol, 100 mM DGK inhibitor
(R59022), 1% 2-butanol, or 1% DMSO at ZT12. Luciferase reporter activity was monitored under constant
light. Values are mean ± S.D. (n>20; for each treatment, more than 20 independent seedlings
photographed at each time point indicated were used for image analysis) normalized to background signal.
Period length is in parenthesis. (B and D) Effect of 1-butanol and DGK inhibitor on circadian leaf movement.
WT plants were grown and treated as in (A and C) except for 5-d entrainment. Leaf movement was
monitored under constant light. Values are mean ± S.D. (n=12; for each treatment, 12 independent
seedlings photographed at each time point indicated were used for image analysis) normalized to initial leaf
position. Period length is in parenthesis. In (C) and (D), the untreated control (None) was reproduced from
(A) and (B), respectively, for ease of comparison. (E) PA levels in Arabidopsis treated with butanol and
DGK inhibitor. Total lipids were extracted from 7-day old seedlings treated as in (A and C) for 1 hour. PA
was quantified by ESI-MS/MS. Values are mean ± S.D. (n=5; for each treatment, 5 independent groups of
seedlings sampled at the same time were used for lipid extraction and MS analysis). Asterisk denotes
statistical significance compared with controls as determined by Student’s t-test (p < 0.01).
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38:5PS (B), 36:6PA (C), 34:4PA (D), and total PA (E) in WT and lhy cca1. 10-day old plants were grown in 16-h light/8h dark cycles and total lipids were extracted every 3 hours for up to 24 hours. Membrane glycerolipids were quantified
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performed (linear regression shown here). Asterisks denote statistical significance compared with lhy cca1 at each time
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Supplemental Dataset 3. (F) Seed oil content. Triacylglycerols extracted from dry seeds were transmethylated and the
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Figure 11. Proposed model for reciprocal regulation of circadian clock and lipid
metabolism. PA binds to LHY and CCA1 and perturbs the circadian clock by suppressing their
binding to TOC1 promoter. Reciprocally, the clock oscillators regulate the expression of genes
involved in lipid metabolism to tune membrane and storage lipids including PA.
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